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EXPERTMENTAL. INVESTIGATION OF HOT-GAS BIEEDBACK FOR ICE
PROTECTION OF TURBOJET ENGINES
TIT - NACELLE WITH SHORT STRATGHT ATR INLET
By Robert S. Ruggeri and Bdmmd E. Callaghen

SUMMARY

Aerodynamlic end icing investigatioms have been conducted in
the NACA Lewls icing research tummel on & two-thirds-scale model
of a turbojet-engine nacelle with a chart straight air inlet. An
investigation of a hot-gas bleedback system consisting of several
orifices peripherally located earound the inlet was conducted for
both dry-air and icing conditions.

The most wnifam temperature distribution wes cbtalned at a
bleedback of 4.9 percent for & plenum-chamber-gas temperature of
1000° F and yielded an average model-dry-air-temperature rise of
50° F with a meximm deviation from the average model-alr-
temperature rise of 10° F. For this condition, icing protection
was afforded for the inlet screem bubt not for the accessory housing.
Satisfactory agreement between caloulated and measured heet
requirements was obtalned for the icing conditlons investigated.

- -INTRADUCTT QY

As pert of e general program to provide icing protection for
turbolet engines, a nacelle with several alr inlets was expexrimen-
tally investigated in the lcing research turmel of the NACA Iewls
laboratory to esteblish a reesonable design criteriom for hot-gas
bleedback systems. This investigation is & comtinuation of the
generel progrsm outlined in reference 1 and wes conducted with the
same turbojet-engine nacelle, but with & short streight air inlet.

This short alr inlet was used to determine whether sufficient
Jet mixing would take place to make hot-gas bleedback feesible 2s &
gystem of ice prevention for this type of installation. The nacelle
was two-thirds full scale end the model was provided with orifices
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for introducing hot gas into the inlet. Data were obtained to
dotermine the effect of plemum~-chember-gas temperature and pressure,
tumel-air velocity, and angle of attack on the temperature dlstri-
bubion at the simlated engine~inlet screen. The icing Investi-
gation to determine the minimm heet requirements was conducted over
a range of liquid-weter content fram 0.7 to l.4 grams per cuble
meter with en average drop dismeter of 15 microms. The tummel totel
terperature was 0° F and the model was investigated at angles of
attack of 0° and 8°.

APPARATUS

The nacelle investigated wes similer to the nacelle described
in references 1 and 2, but with a short, circular, and strelght
alr inlet. The model was two-thirds full scele and wes constructed
of steel, Inconel, and aluminum. The model as installed In the
tumel test section is shown in figure 1. The inlet length from
the 1ip to the accessory housing was 14.0 inches. The inlet area
at the 1ip (leading edge) was 1.952 square feet and the area at
the minimm section was 1.124 square feet. The orifices through
vhich the hot gas was discharged were located st the minimm section
3.0 inches from the inlet lip. Hobt gos wes obtalned by passing high-
pressure air through a cambustion heater and by ducting the gas to
the model. A 1/4-inch-mesh, 0,050-inch-dismeter wire screen wes
mownted in the model (fig. 2) to simulate a protective screen instal-
lation end to provide a meens of indiceting icing.

INSTRUMENTATTICON

The model instrumentation used in the investigation is shown
in figure 2. Meagurements were made of mess flow, ram-pressure
recovery, pressure drop across the soreen, and temperature distri-
bution upstream of the inlet screen.

The average model-air temperature end the temperature distrl-
bution inside the model were mesasured by means of four thermocouple
rekes located 33 inches downstream of the orifices and 12 Inches
upstream of the inlet screen, as showm in figure 2. The thermo-
couple rekes were speced &t spproximetely 90° intervals around the
model and eech rake ceasisted of 16 thermocouple probes spaced
1/4 inch apert.

APt of the accessory-housing tip the model is the same as that
used in the offset and straight air inlet investigatione (references 1
and 2). A deteiled description of the instrumentation is presented
in reference l.
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Temperatures on the surface of the accessory housing were
measwred by 17 flush-type skin thermocoupleg.

The state of the gas in the plenvm chember was measured by
four thermocouple probes located S0° apext in the plane of the
orifices and by four statlc-pressure taps in the rear wall
of the plenum chamber.

The inlet-lip pressure distribution was meesured by meens of
pressure belting cemented to the 1lip swrface. Iip-surface temper-
ebtures were measured by thermocouples welded to the inlet lip.

Mese flow through the model and inlet-veloclity ratio were
controlled by an electrically driven tell come (fig. 2).

FRCCEDURE

%c mrestégtim wilithout bleedback. - An serodynamic
Investigation e with orifices was conducted to determine
mess-flow characteristics, lip-pressure distribution, and rem-
pressure recovery as & functlon of Inlet-veloclty ratio and angle
of attack. Tunnel-air velocities ranged from epproximetely 200 to
460 feet per second. At each timmel-elr veloclity the angle of
attack was varied from 0° to 8° and for each angle of atback the
inlet~velocity ratio was varied from 0.68 to 0.89.

Aerod ¢ Invegtigation with cold-gas bleedbeck. - An sero-
dynamic investlgetion of the el wae conducted to determine the
effect of cold-ges bleedback on mass-flow cheracteristles, lip-
pressure dlstribution, and rem-pressure recovery. Thls investl-
gatin was coanducted at an sngle of atbtack of 09 at a fixed taill-
cone position correspomding to en inlet~velocity ratioc of 0.89 with-
out bleedback. Tumnel-air veloclties ranged from 200 to 460 feet
per seccond end bleedbacks renged from 2.5 to 9.8 percent.

Aerodynamic investigation with hot-gas bleedback. - Several
arifice canfigurations were investigeted in order to obtain e
configuration that would give the most miform temperature dis-
tribution Inside the model fox a range of walues of tumnel-gsir
velocity, angle of atback, gas flow, and gas temperabture. The
configuration selected consisted of twelve 17/32-inch-diameter
orifices equally speced around the inlet.

The effect of hot-gas bleedback on the temperature distri-
bution insgide the model, mass-flow characteristics, and ram-pressure
recovery for the optimm ocrifice configuration was determined as a
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function of tumnel-eir velocity, angle of atteck, gas flow, and
gas temperature. The investigation was conducted at a fixed tall-
cone position corresponding to an inlet-velocity ratlic of 0.89
without bleedback end at a free-stream total temperature of O° F
for tummel-air velocities from 200 to 450 feet per second and
engles of attack fram 0° to 8°., Gas flows and plemum-chamber-gas
temperatures ranged from 0.592 to 1.55 pounds per second and from
600° to 1000° F, respectively. For each plemum-chamber-gps
temperature, the gas pressure was varied fram 3000 to 6000 pounds
per square foot absolute.

Icﬁ with hot-gas bleedback. - An investigation to determine
the oritl icing criterion as a function of mass flow, gas flow,
angle of atiack, and liquid-water content for a congtant free-
gtream total temperature of 0° F was conducted in a menner similar
to that of reference l. This Investigation was conducted at tumnel-
alr veloclities of 200, 275, 355, and 435 feet per secomd at an
angle of attack of 0°, The liquid-water comtent renged from 0.70 to
1.4 grems. per cubic meter at an average drop dlamester of 15 mlcrons.
The range of geas flows and plenum-chamber-gas temperatures was the
same as thoge employed for the aeroiynamic investigation with hot-
ges bleedback.

RESUIFS ARD DISCUSSION
Aerodynamic Investigation without Bleedback

Masg-flow characteristics. - The mass flow through the model
increased nearly lineerly with tumel-eir velocity for a fixed tail-
cone position and angle of atbteck,. A meximm flow of zpproximately
32.) pounds pexr second was cobtained at an inlet-velocity retio of
0.89, a tumel-air velocity of 460 feet per second, and an engle
of attack of 0°,

Ram-pregsure recovery. - A rem-pressure recovery of approxi-
mtely 0.99 was oblained at an angle of attack of 0° and an inlet-
velocity ratio of 0.89. Ram-pressure recovery 1 1s defined as

Po-Pr

n=1-
90

where
Po free-ptream total pressure, pounds per square foot absolute

1130
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Pf totel pressure at front rakes, pounds per square fool
absolute

9% freo-stream dynamlc pressure, pounds per square foob

A decrease in rem-pressure recovery of approximately 1 percent
was observed for en increase in engle of attack from 0° to 8°,

Iip~preogsure distribution. - The effect of engle of attack
on ~1ip pressure distribution is shown in figure 3. The yres-
sure distribution is presented in terms of a pressure coefficient

§=1- .P_;.i_o. vhere p is the local smxrface ghatic pressure in

pounds per square foot abasolute and Po is the free-streem static
pressure in pounds per square foot absolute.

Aerodynamic Investigation with Cold-Gas Bleedback

Mess-flow characteristics. - No measureble change in mass flow
through the model was observed with increasing cold-ges bleedback,

Ram-pregsure re « = In order to determine the effect of
‘the J‘E%Ts'%?ﬂa_,_caﬂmﬁﬁas bled into the inlet-eir stream. The
effect of bleedback on ram-pressure recovery ls chown in figure 4
for tumel-alr veloolties of 200, 280, 355, and 435 feet per secand.
The loss in rem-pressure recovery 1s lineexrly related o bleedback
end no effect of velocity on rem-pressure recovery is evident.

Lip-pressure distributicon., - A slight movement of the stegna-
tlon point to 2 position further inside the lip was observed with
cold-gas bleedback (fig. 5). Thls movement increased with increasing
bleedback and was caused by the deorease in the inlet-veloclty ratio
with Iincreasing bleedback, as evidenced by the reduced preassure
coefficlents In the Inlet., The alight change in lip-pressure dis-
tributlion with bleedback should have a small effect on the external
nacelle drag,

No measurable change in mass flow through the model occurred as
a result of cold-gas bleedback. A decreasing inlet-veloolity ratilo
must therefore occur with increasing bleedback because an incrsas-
ing part of the totel flow through the model is represented by the
bleedback gas and as a consequence the alr flow entering the inlet
1s reduced.
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Aerodynamic Investigation with Hot-Ges Bleedback

orifice confl tion. -~ The results presented hereln
are for the orifice canfiguration that gave the most uniform temper-
ature distribution at the calculated valus of bleedback (4.9 per-
cent) and plemum-chamber-gas temperature (1000° F) necessary for
adequate i1ce prevention corresponding to an lcing condition of
1.4 grams per cublc meter at a tumel total temperature of 0° F.
Preliminary compubations utilizing the equations and the method of
reference 2 ghowed the impracticality of providing lce protection
for the accessory housing. Because of the large inlet dlameter and
the short mixing distance (11 in.) from the orifices to the
accegsory-housing tip, extremsly large-diameter orifices would be
required to obtain adequate Jet penetration. Inasmich as these
large-diameter orifices would necessarily be few in number in order
to pass only the required emoumt of bleedback gas, the temperature
digtribution insgide the model would be very poor.

The investigation was therefore undertaken with the purpose of
providing ice protection only far the Inlet screen wmder the most
severe conditions used Iin the icing investigatiom. By use of the
method of reference 2 and assumdng that the depth of penetration of
the Jets required at the screen was one-half of the duct dlameter
at the accessory-housing tip, an orifice diemeter of 0.52 inch was
obtained at the design conditions for the model. The model was
designed to handle 31 pounds of air per second at a tunnel-air
velocity of 425 feet per second and a free-stream density of
0.0024 slug per cubic foot. The caloulated total Jet area regquired
‘to pass the required amount of bleedbeck gas (1.38 1b/sec at
maximm air flow through the model) was 2.65 square inches. The
resulte of reference 2 indicate that for a clrocular inlet, a minlmm
of 12 orifice holes are required to obtain a good temperature distri-
butioan Inside the model., In order 1o obtain the required total Jeb
area with the minimm number of orifices, a camfiguration cansigting
of 12 arifices of 17/32-inch diameter equally spaced around the
inlet wvas used in the investigation. This configuration gave the
most wmiform temperature distribubtion inslde the model for the
caloculated walues of bleedback and plenum-chember-gas temperatimes
roquired for ice prevention.

In ordexr to be certaln that the orifice configuration found
by the msthod of reference 2 was the begt, several other conflgure-
tins were experimentally investigated. A configuwreation conslsting
of nine equally spaced 5/8-inch-dismeter orifices was investigated.
The results showed that, although greater penetrations were obbtained
than with the 1l2-orifice configuration, the local-alr-temperature
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deviations inside the model were greater. Ancther configuration
consisting of 16 orifices of 15/32-inch diameter was also
investigated. The best temperature distribution obtalned with

this configuration was slightly inferlor to the optimm bemper-
ature distribution obbtained with the l2-orifice canfiguration,

The best btemperature distribution with the l6-orifice configuration
weas obbtalned at higher than the calculated value of bleedbeck,
which resulted when high plemm-chanber-gas pressures were

employed in oxder to obtain adequate penetration.

Model-alr- ture dlstribution. - Once the optimmm
temperatire distribution inside the model was obtained at the
caloulated velue of bleedback, 1t could be maintalned for a
renge of tunnel-zir velocltles provided that the bleedback was
held constant. The plenvm-chanmber-gas pressure corresponding to
the optimm tempersture dlstribution veried linearly with twmel-
alr velocity, as in reference 2. This variation of plenum-chember-
a8 pressure with tumel-air velocity for the optimm temperature
distribution 18 shown in figure 6 for a plenume-charber-gas temper-
ature of 1000° F. TFor the curve shown, the bleedback in each case
was approximately 4.9 precent, which ylelded average model-2ir-
temperature rises of 50 F.

Although the radial tempereture distribution observed oo each
thermocouple reke was very good and the maximm deviation fram the
average temperature for the rake was anly 2° to 4° F; when the
temperatires of all thermocouple rakes were consldered, the maxtmm
temperature deviation was 9° to 10° ¥. This rather lsrge temperature
variation resulted from incamlete jet mixing et the simiiated
inlet screen, as evidenced by the fact that the average alr temper-
ature measred on a thermocouple rake located directly downstream of
an orifice was higher than the average model-alr temperature; wherees
the temperature measured on a thermocouple rake located between
orifices was conslstently lower than the average model-alr
temperature. Mixing of the hot grses with the Inljet air was

apparently suppressed by the convergling snnulus formed by the
accessory housing and the oubter duct wall.

The use of plenmume-charber-gas pressures corresponding to the
optimm temperatire distribution inside the model gave insufficlent
penetration to provide adequate ice protection for the accessory-
housing tip. Temperature distributions on the accessory housing
for several wvelues of hot-~gas Dleedback at a plenmum-chember-gas
temperature of 1000° F end & tumel-eir velocity of 200 feet per
gsecond are shewn In flgure 7. A bleedback of spproximetely
8.0 percent would be required for complete 1 protection of the
accessory housing for this tumnel-slxr velocity (fig. 7). The use
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of plemum-chamber-gas pressures higher than the optimm resulted in
higher temperstures near the accessory housing with lower alr tem~
peratures near the outer duct wall. The use of plentm-chanmber-gas
mressures lower than optimmm resulted in low alr bemperatures near
the accessory-housing skin with increased model-alr temperatures
near the duct wall.

The effect of angle of attack on the temperature distributicn
ingide the model was negliglble.

Increasing the plemum-chamber-ges temperature at a fixed
angle of atback had very little effect on the temperature distri-
bution at the Inlet screen aside from increasing the temperature
level.

Mesa-flow loss. = A reduction in mass flow through the model
occurred with inoreasing model-alr temperature at fixed tumnel-air
veloclity, tunnel-air temperature, and angle of attack. The
decrease In mass flow with increasing model-air temperature for
several values of tunnel-air velocity and an angle of attack of 0°
i1s shown in figure 8, The decrease in mess flow 1s linearly related
to the model-air-temperature rise, but does not vary directly with
decreasing model-alr denasity associated with inoreasing temperature,
as shown in figure 8, Thus, the model d1d not operate as a constant-
volume machine as did the models previously investigated (refer-
ences 1 and 2); instead the experimental mass-flow ocurve falls
between the oconstant-mass-flow and constant-volume curves.

Rem~pressure re » = The rem-pressure loss assoclated
with the ﬁi‘bion of Eea% by Jots directed perpendiculariy to a
moving air stream consists of two components. The first component
arisges from the momentum pressure loss assoclated with changing
the direction of the Jets. The other component srises from the
- change in demsity of the air due to the addition of heat. The
effect of the first component ig i1llustrated in figure 4.

The varlation of ram-pressure recovery with model-elir-
temperature rise is shown in figwre 9. The ram-pressure recovery
decreased linearly with inoreasing model-eir-temperature rise. A
compaxrison of figures 4 and 9 with datas from references 1 and 2
showed that the rem~pressure recoveries observed with heat addition
during this investigation were considerably higher -than those
obtained in previous investigations end were caused by the model
having operating characteristica between those of a constant-mess-
flow and a constant-volume mechine. As a result, the ram-pressure
rocoveries with heat addition approached those obtained with cold-
gas bleedback.
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Inlet=1ip ture distribution. - The maximume inlet-1ip
e ot the T ghost valus of bleedback
(8.1 percent) and plemm-chamber-gas temperature (1000° F) utilized
in the investigation. The variation of inlet-lip temperature
distribution with hot-gas bleedback 1s _shown in figure 10 for a
plenum~-charber-gas temperature of 1000° T and a tunnelw-air veloclty
of 205 feet per secand. The inlet-lip temperatures decreased wlth
decreesing bleedback, increasing tunnel-alr veloclty, or decreasing
plenum~chamber=-gas temperature.

Icing with Bleedback

In analyzing the icing deta, the pressure-drop coefficlents
Ap/q across the screen were camputed for each icing run where
Ap 1s the static-pressure drop across the screen and ¢q is the
dynamic pressure upstream of the screen. The screen was consldered
iced when the value of Ap/q epproached 1.5 times the velue for
the screen at the beglmming of each run. The experimental bleed-
back and plemum~-chamber-gas temperatures corresponding to this
criterion are shown in figure 11 for tumnel-air velocities of 200,
275, 355, and 435 feet per second at an angle of attack of 0°.

The theoretical curves shown In Pigure 11 are based on the
assumption thet lcing occurs when the minirmm adiabetic wall tempera=-
ture or kinetlc temperature (static temperature plus 0.85 times the
dynamic temperature) on the screen was 32° ¥, 'These ocurves represent
the upper and lower limits of the ioing conditlons used in the
Investigation; that 1s, cwrve A was calculated for saturated alr at
0° ¥, 2 tumel=~air veloclty of 435 feet per second, end a liquid-water
content of 1.4 grams per cuble meter. Curve B was caloulsted for
saturated air at 0° F, 2 timnel-air velooity of 200 feet Der second,
and & liquid-weter content of 0.7 gram per cubic meter.

In order to'assure & minimm asdisbetic wall temperature of 32° F
on the screen, sn average adiabetic well temperature of 42° F end a
total temperature of 45.9° F are required at a tummel-air welocity of
435 feet per second, corresponding to a veloclty in the soreen of
558 feet ver seccnd and e total temperature of 43.1° F at a turmel-
alr veloclty of 200 feet per smecond, corresponding to 2 velooity in
the screen of 295 feet per second.

The dets In figure 11 fall within the limits of the two
curves. The dlsplacement of same of the high-veloclty date from
curve A and the low-velocity data from curve B was due to the
varliation in liquid-water content and the use of octher than the
optimm amount of bleedback.
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For all icing conditions investigated, icing of the accessory
housing occurred at bleedbacks less than approximately 6.0 percent
for a plenum-chamber-gas temperature of 1000° F. The largest ice
formation observed on the accessory housing was an ice cap 4 Iinches

in diameter and 3% inches thick with some ice extending back

7 inches along the skin, This lice accretion formed during a
40-minute icing period in which the bleedback was reduced from an
initial value of 5.6 percent to a final value of 4.9 percent at a
constent plenum-chamber-gas temperature of 1000° ¥, The icing
condition was at & tummel total temperature of 0° F and liquid-
water content of 0.75 gram per cubic meter. No ice formations
were observed on the duct walles for the conditions investigated.

The importance of accessory-housing ice protection depends
largely on the particular Jjet engine to be used. If protectlion 1s
essentlal, the accessory housing cover may be heated either by hot
gases or electrically.

SUMMARY OF RESULTS

The following results were obtained from an aerodynamic and
lcing inveatigation in the icing reseerch tumnel of a two-thirds-
scale model of a turbojet-engine macelle with a short strailght ailr
inlet utilizing a hot-gas bleedback system for lce prevention:

1, The optimum temperature distribution wes obtalined at a
bleedback of 4.9 percent and was independent of tunnel-ailr veloc-
ity. This value of bleedback resulted in an average model-dry-
air-temperature rise of 50° F with a maximum local temperature
deviation of 10° F at the inlet soreen for a plenum-chamber-gas
temperature of 1000° F.

2. The use of plemm-chamber-gas pressure other than optimum
resulted in increased temperature gradients across the inlet, For
pressures higher than optimum, low-temperature regions existed near
the duct walls; for pressures lower than optimm, low-temperature
regions ocourred at accessory-housing skin,

3. The introduction of cold gas under pressure through the
orifices decreased the ram-pressure recovery linearly with increas-
ing bleedback.

4. Hot-gas bleedback decreased the ram-pressure recovery
linearly with increasing model-air temperature rise.
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5. For a constant tummel-a2ir veloclty, the mass flow through
the model decreased linearly with increasing model-air-temperature
rise,

6. Satisfactory agreement between the meesured and calculated
heat requirements for icing conditlions was obtained.

7. Icing protection for the accessory housing could be
obtained at bleedbacks greater than 6.0 percent for a plenum-
chamber-gas tempersture of 1000° F.

Tewis Flight Propulsion Iaboratory,
National Advisory Committee for Aeronautics,
Cleveland, Ohio.
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Figure 1. ~ Photograph of model installation In tummel test section.
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Figure 1l. - Bleedback requlired for lce prevention as function of
plenumechamber-gas temperature for tunnel total temperature of 0° F,
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